The 605 amino acid E1 protein of bovine papillomavirus type 1 (BPV-1) is a multifunctional nuclear protein required for viral DNA replication. A nuclear localization signal (NLS) sequence was previously defined by point mutations in three short adjacent clusters of basic amino acids located in the amino-terminal region of the E1 protein. In this study, we used a fusion protein approach to evaluate the contribution of other regions of the E1 protein to nuclear transport. The nearly fulllength E1 gene and six non-overlapping subfragments were each fused in-frame with the lacZ gene in a eukaryotic expression vector. Each clone was electroporated into COS-1 cells, and the intraceUular location of the El-fl-galactosidase fusion proteins was determined by immunofluorescence. Only the constructs containing the full-length E1 or a single subregion (E 1-259; amino acids 84 to 166) produced fusion proteins that entered the nucleus. Point mutations in the NLS sequences of the E1-259-1acZ construct prevented nuclear translocation of the corresponding fusion protein. This confirms the previous result that the cluster of basic amino acids is critical for nuclear transport. Furthermore, the data obtained in this investigation indicated that the region of El containing the NLS sequence was not only necessary, but was also sufficient for nuclear localization. No other region of E 1 contained independent nuclear localization activity.
The 605 amino acid E1 protein of bovine papillomavirus type 1 (BPV-1) is a multifunctional nuclear protein required for viral DNA replication. A nuclear localization signal (NLS) sequence was previously defined by point mutations in three short adjacent clusters of basic amino acids located in the amino-terminal region of the E1 protein. In this study, we used a fusion protein approach to evaluate the contribution of other regions of the E1 protein to nuclear transport. The nearly fulllength E1 gene and six non-overlapping subfragments were each fused in-frame with the lacZ gene in a eukaryotic expression vector. Each clone was electroporated into COS-1 cells, and the intraceUular location of the El-fl-galactosidase fusion proteins was determined by immunofluorescence. Only the constructs containing the full-length E1 or a single subregion (E 1-259; amino acids 84 to 166) produced fusion proteins that entered the nucleus. Point mutations in the NLS sequences of the E1-259-1acZ construct prevented nuclear translocation of the corresponding fusion protein. This confirms the previous result that the cluster of basic amino acids is critical for nuclear transport. Furthermore, the data obtained in this investigation indicated that the region of El containing the NLS sequence was not only necessary, but was also sufficient for nuclear localization. No other region of E 1 contained independent nuclear localization activity.
The E1 protein of bovine papillomavirus type 1 (BPV-1) is a regulatory protein expressed during the early stage of virus infection. The E1 open reading frame (ORF) is the largest of BPV-1 and encodes a 605 amino acid protein with an apparent M r of 68K (Blitz & Laimins, 1991 ; Sun et al., 1990) . Early studies showed that frameshift and termination mutations throughout the E10RF eliminated BPV-1 replication and led to integration of the viral DNA into the host genome (Berg et al., 1986; Lusky & Botchan, 1985 Rabson et al., 1986; , suggesting a role for E1 in viral DNA replication. Additional studies have now confirmed that the El protein, along with the E2 full-length gene product, are essential trans-acting elements for viral DNA replication . Consistent with the role in viral DNA replication is the observation that E1 is a nuclear phosphoprotein (Santucci et al., 1990; Sun et al., t990) .
In eukaryotic cells, the nucleus is separated from the cytoplasm by a nuclear membrane. The nuclear membrane is punctuated by the presence of membrane structures termed nuclear pore complexes (Miller et al., t991) . These have an average diameter of 9"0 nm and function as the gateway for the nuclear-cytoplasmic exchange of macromolecules (Newport & Forbes, 1987; Schekman, 1985) . The nuclear uptake of karyophilic proteins has been demonstrated to be a highly selective, signal-mediated process (De Robertis et al., 1981; Dingwall & Laskey, 1986; Dingwall et al., 1982; Richardson et al., 1988) . Proteins with an M~ larger than 60K must be actively translocated into the nucleus, and the proteins that are selectively transported into the nucleus have been shown to possess a specific signal sequence termed a nuclear localization signal (NLS) (Garcia-Bustos et al., 1991; Kalderon et al., 1984a, b; Newmeyer et at., 1986) . A putative NLS for BPV-1 E1 was first mapped to the amino-terminal 223 amino acids, because a construct expressing a truncated E1 lacking this region accumulated exclusively in the cytoplasm (Sun et al., 1990) . Within the amino-terminal region of E1 there are three clusters of three or four consecutive basic residues located between amino acids 84 and 114. A point mutational analysis of the basic amino acid sequences found that these sequences are necessary for nuclear translocation of E1 (Lentz et al., 1993) . However, while the genetic approach indicated that these basic amino acid sequences were necessary, it could not determine whether they were sufficient for E1 nuclear transport. In this study, an alternative approach using El-fl-galactosidase fusion proteins was employed to define the E1 sequences required for nuclear transport.
The nearly full-length E 1 0 R F and six non-overlapping subfragments (shown in Fig. 2 ) fused in-frame with the lacZ gene W~re originally constructed in a prokaryotic vector, pORF1. The E1 constructs in pORF1 were termed the pC1 series as reported previously (Wilson & Ludes-Meyers, 1992) . To express the El-flgalactosidase fusion proteins in mammalian cells, the E l -l a c Z fusion genes were transferred to a eukaryotic expression vector, pCHll0. Plasmid pCH110 contains the origin of replication and early promoter sequences from simian virus 40 (SV40) for replication and expression of any foreign genes inserted downstream of the SV40 early promoter sequence (Hall et al., 1983) . Each pE1 series plasmid was linearized by SalI digestion and an adapter (oligonucleotide sequence 5' AAGCTTGG-ATGT 3'/3' TTCGAACCTACAGCT 5') which contains a HindIII site, an ATG initiation codon and a SalI overhang, was added on both ends. The modified DNA was digested with HindIII plus ClaI, and fragments (1312 to 2800 bpy containing E1 and part of the lacZ gene were gel-purified. Each fragment was ligated to the 6117 bp fragment purified from the HindIII plus ClaI digestion of plasmid pCH 110 to create the pCHE1 series in which the E1 gene or its subfragments were fused inframe with the lacZ gene. The fusion constructs were confirmed by restriction digestion pattern and DNA sequencing using the dsDNA Cycle Sequencing System (BRL) as recommended by the manufacturer.
The COS-1 cell line (Gluzman, 1981) was used for the pCHE1 series gene expression since it constitutively expresses the SV40 large T antigen which is required for amplification of the pCHE l series plasmids. The plasmid DNA was introduced into COS-1 cells by electroporation transfection according to Gearing et al. (1989) with minor modifications. Briefly, 5 x 106 cells in 180 pl of PBS pH7.3 were mixed with 10 to 20lag caesium chloride gradient-purified fusion plasmid or pCHll0 plasmid DNA. The mixture, in a total volume of 200 pl, was chilled on ice' for 5 min and electroporated in a 0.4cm gap cuvette at 300V and 125pF ( t = 8 . 5 to 12.5 ms) on a Gene Pulser (Bio-Rad). The electroporated cells were returned to ice for 5 min and cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS). The transfection efficiency was monitored by an X-Gal in situ staining assay (Lira & Chae, 1989) , and was typically 15 to 40% in surviving COS-1 cells. The expression of E1 fl-galactosidase fusion proteins was monitored by SDS-PAGE and Western blotting (Fig. 1) . Seventy-two SDS-PAGE and Western blotting were performed as described in the text. fl-Galactosidase-specific polyclonal antibody (Amersham) was used for lanes 1 to 9 and monoclonal antibody (Promega) was applied for lanes 10 to 12. hours after electroporation, cells were harvested from culture dishes on ice with a rubber policeman, washed once with ice-cold PBS pH 7.5, and lysed by boiling for 5rain in SDS gel sample buffer (50mM-Tris-HC1 pH 6"8, 10 % glycerol, 2 % SDS, 2% 2-mercaptoethanol, 0.01% bromophenol blue). Each sample was electrophoresed on 8 % SDS-polyacrylamide gels according to Laemmli (1970) , and the proteins were electrophoretically transferred from the SDS gels to Hybond-ECL Western nitrocellulose membrane ( was performed according to an enhanced chemiluminescence procedure from Amersham as described by the manufacturer. The primary antibodies were as indicated in the figure legend and were used at 1000 to 1500-fold dilutions. As shown in Fig. 1 , each construct expressed a protein of the appropriate M r for the predicted El-flgalactosidase fusion proteins. In addition, each construct appeared to express comparable levels of fusion protein.
The intracellular distribution of El-fl-galactosidase fusion proteins in transfected COS-1 cells was determined by an indirect immunofluorescence assay according to the protocol previously described (Stein et al., 1991) . Electroporated COS-1 cells were cultured in 10% FBS-DMEM in glass slide-based Lab-Tek culture chambers (Nunc) for 72 h. The slides were fixed in 2 % paraformaldehyde (10 rain) and permeabilized in 1% Triton X-100 (10 min). After three washes with 0"3% Tween in 0.02 M-PBS pH 7.3 the slides were incubated overnight in a humid chamber at 4 °C with mouse anti@ galactosidase monoclonal antibody (Amersham) at a 300-fold dilution in diluent (1% BSA-0.3% T w e e~ PBS). The slides were then incubated for 1 h with a biotinylated anti-mouse secondary antibody (Amersham) at a 200-fold dilution in the above diluent followed by 1 h incubation with streptavidin-Texas Red (Amersham) at a 200-fold dilution in the diluent. Slides were mounted in glycerol with p-phenylenediamine (9.25 mM-p-phenylenediamine, 90% glycerol in PBS pH 8-0), visualized under a Zeiss photomicroscope III equipped for epifluorescence illumination and photographed on Kodak TMX-3200 film. Fig. 2 summarizes the intracellular distribution of the various El-flgalactosidase fusion proteins determined by indirect immunofluorescence assay, and representative pictures of the fluorescent patterns are shown in Fig. 3 . These results indicate that the unfused fl-galactosidase protein expressed by pCH 110 was localized in the cytoplasm in transfected COS-1 cells. In contrast, fl-galactosidase fused to the nearly full-length E1 sequence was transported into the nucleus. However, of the six subregion El-fl-galactosidase fusion proteins, only the fusion protein expressed by the pCHE1-259 clone (amino acids 84 to 166 of El), which includes the genetically defined NLS sequence, was localized in the nucleus. These results confirmed the importance of this region in nuclear localization as previously reported by Lentz et al. (1993) . As shown in Fig. 4(a) , there are three closely spaced clusters of basic amino acids, regions A, B and C, at E 1 amino acids 84 to 86, 105 to 108 and 112 to 114, respectively. Point mutations made in all of these clusters abolished the nuclear transport of E1 protein in COS-7 cells (Lentz et al., 1993) . Individual mutations in regions A or B seemed to have the major effects, and mutations in region C enhanced the nuclear transport defects of E1 caused by mutations in region B when mutations were made in both C and B regions. To evaluate the effect of point mutations in these three regions in the context of our E l -l a c Z fusion construct, a 259bp fragment (nucleotides 1088 to 1347), containing point mutations in regions A, B and C, was PCR-amplified from clone NL7 (kindly provided by M. Lentz). B a m H I restriction sites were added on both ends of the fragment via the P C R primer, and the PCR-amplified mutant sequence was cloned into pE1-259 to replace the wild-type E1-259 fragment and create pE1-259M. The E1-259M fragment was subcloned from pE1-259 to p C H l l 0 to generate pCHE1-259M. The original point mutations from NL7 were confirmed in pCHE1-259M by D N A sequencing as described above. The expression of the El-flgalactosidase fusion protein from pCHE1-259M in COS-1 cells was demonstrated on Western blots (see Fig. 1 , lane 7), and was comparable to the parental pCHE1-259. The subcellular localization of the mutant fusion protein was examined by indirect immunofluorescence as indicated above. As shown in Fig. 4(b) , pCHE1-259M was totally defective for nuclear localization (b) in contrast to the pCHE1-259 clone (a).
In this study, by generating the El-fl-galactosidase fusion constructs, the contribution of various regions of BPV-1 E1 to nuclear transport was examined. The results presented here correlated closely with those from the previous mutational study and confirmed the requirement for the clusters of basic amino acids (Lentz et al., 1993) . Furthermore, these amino-terminal NLS sequences were not only found to be necessary, but the region of E1 containing the basic amino acid clusters (fusion clone pCHE1-259) was also sufficient for the nuclear localization of the E1 fl-galactosidase fusion proteins. Each of the other five El-fl-galactosidase fusion proteins remained cytoplasmic, indicating that they lacked functional nuclear localization signals. In sum, the six fusion constructs comprised 87 % of the E1 O R F (see Fig. 2 ). The portions of the E 1 0 R F not represented in these clones were distributed in six small clusters encoding from eight to 22 amino acids. None of these six uncloned regions resembled an NLS; two of the regions lacked any basic amino acids, two regions had only a single basic amino acid, and the two largest regions (19 and 22 amino acids, respectively) had only two basic amino acids each. It is unlikely that these small uncloned regions contributed to nuclear localization. Therefore, E 1 appears to have a single NLS confined to a triplex of basic residues in the amino-terminal region of the protein.
